Abstract

10
Nitrification was long thought to consist in the stepwise oxidation of ammonia to nitrite and of nitrite 11 to nitrate by ammonia oxidizing and nitrite oxidizing microorganisms, respectively. Recently, single 12 microorganisms capable of complete ammonia to nitrate oxidation (comammox) were identified in 13 the Nitrospira genus. This genus, previously considered to only contain canonical nitrite oxidizers is 14 diverse and has a broad environmental distribution. Yet, a global insight into the abundance, niche 15 preference, and genomic diversity of Nitrospira is missing. Here, we established the 16 largest Nitrospira genome database to date, revealing 68 putative species, most without cultivated 17
representatives. We performed a global survey through read recruitment of metagenomic data from 18 various environments against this database that identified that environmental filtering structures 19 species distribution, without large scale biogeographical signal. The ecological success of 20 comammox Nitrospira is evident as they outnumber and are more diverse than 21
canonical Nitrospira in communities from all environments but wastewater treatment plants. We 22 detect a phylogenetic signal in Nitrospira species habitat preference, that is strongest for canonical 23
Nitrospira species. Comammox Nitrospira eco-evolutionary history is more complex with subclades 24 achieving rapid niche divergence via horizontal transfer of genes, including that encoding the 25 hydroxylamine oxidoreductase, one of the key enzymes involved in nitrification.  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40Introduction   46  47 The biological oxidation of ammonia to nitrate via nitrite, termed nitrification, is an essential process 48 in terrestrial and aquatic environments. Nitrification links oxidized and reduced pools of inorganic 49 nitrogen, contributes to nitrogen loss from agricultural soils reducing fertilization efficiency 1 , is a 50 crucial process in water quality engineering 2 , and can lead to the production of nitrous oxide, a strong 51 greenhouse gas 3 . For more than one century, this central process in the nitrogen cycle was assumed 52
to be a two-step processes catalysed by two distinct functional groups: ammonia-oxidizing 53 microorganism (AOM -consisting of bacteria and archaea) and the nitrite-oxidizing bacteria (NOB). 54
In 2015, microorganisms capable of the complete oxidation of ammonia to nitrate (complete ammonia 55 oxidation aka comammox) were discovered 4,5 within the Nitrospira genus. This genus was previously 56 considered to only harbour nitrite oxidizers (here also referred to as canonical Nitrospira). 57
Phylogenetic evidence points at a complex evolutionary history of comammox capability and it is 58 currently unclear whether or not ancestral Nitrospira had this capability 6 . Clearly, the gain (or the 59 loss) of such a trait must have had strong ecological consequences. Indeed, comammox Nitrospira 60 can capture a much greater amount of energy from ammonia oxidation than canonical Nitrospira 61 from nitrite oxidation, but most likely at the cost of a lower maximum growth rate 7, 8 . In addition, 62 comammox and canonical Nitrospira directly compete with different guilds of nitrifiers (AOM and 63 NOB, respectively), resulting in a very different selective landscape. Yet, we have little understanding 64 on how these markedly different metabolic strategies affect the current ecological distribution of 65
Nitrospira and how such distribution relates to its evolutionary history. 66
Phylogenetic diversity within Nitrospira is high 9 : the genus consists of at least six lineages with 67 pronounced divergence at the 16S rRNA level (sequence similarities < 90% 
Results
88
Nitrospira database construction 89
Using a combination of automatic and manual binning, we retrieved 55 metagenome-assembled 90
Nitrospira genomes (MAGs) from newly obtained and publicly available metagenomes 91 (Supplementary Table S1 ). In addition, we downloaded 37 Nitrospira MAGs from public databases, 92 resulting in a database of 92 MAGs from drinking water treatment plants (DWTP) (n = 20), 93 freshwater (n = 30), groundwater (n = 4), soil (n = 14), wastewater treatment plants (WWTP) (n = 94 23) and one host-associated microbiome; from across the globe (China, n = 16; Europe, n =32; USA, 95 = 28; Others, n = 16) (Supplementary Table S2 ). Average genome completeness and contamination 96 are estimated at 85% (50% to 98%) and 2.8% (0 to 6.6%), respectively (Supplementary Table S2 ). 97
The phylogenomic analysis of the 92 MAGs placed 15 MAGs into Nitrospira lineage I, 73 into 98 lineage II, and 4 into other lineages (Fig. 1) . These MAGs span 68 putative species (further on simply 99 referred to as 'species') using a threshold average nucleotide identity (ANI) of ≥ 95% 27 100 (Supplementary Fig. 1 and Supplementary Comammox Nitrospira spp. are widely distributed 130 We characterized the distribution of the 68 Nitrospira species across 995 metagenomes across eight 131 broadly defined environments (DWTP, n = 38; freshwater, n = 259; groundwater, n = 68; marine, n 132 = 27; soil, n = 446; urban, n = 15; WWTP, n = 142) across the globe (China, n = 146; Europe, n =162; 133 USA, = 502; others, n = 185) (Supplementary Table S4 ). Nitrospira species were detected in 527 134 metagenomes (Fig. 2) . The most widely distributed Nitrospira species in the investigated 135 metagenomes were the clade B comammox Nitrospira sp. LM_bin98 (frequency of occurrence of 136 25%) and the canonical lineage I Nitrospira sp. ND1 (21%). However, Nitrospira sp. LM_bin98 137 was in low abundance (coverage < 1) in most of the cases (88%), while Nitrospira sp. ND1 was 138 detected at a higher abundance (coverage > 1) in 45% of the metagenomes where it was 139 present ( Supplementary Fig. 2 ). In contrast, 12 species were found in less than 1% of the 140 metagenomes, including 4 of the 7 Nitrospira species with a representative isolate or enrichment 141 (N. inopinata, N. japonica, N. moscoviensis and Ca. Nitrospira nitrificans) ( Supplementary Fig. 2 ). 142 143 144 Nitrospira species richness per metagenome is highest in the DWTP metagenomes (17.5 ± 6.9, n = 154 38), followed by groundwater, freshwater and WWTP (groundwater = 9.4 ± 8.0, n = 39; freshwater 155 = 6.2 ± 5.6, n = 128; WWTP= 4.8 ± 3.6, n = 130), while it is lowest in the soil metagenomes (2.0 ± 156 1.7, n = 191) (Fig. 3a) . In all the habitats, the average number of detected comammox Nitrospira 157 species exceeds that of non comammox species (P < 0.01), except in WWTP, where the opposite is 158 true. The DWTP metagenomes have the highest abundance of Nitrospira, followed by freshwater, 159 groundwater, and WWTP. Soil metagenomes have a very low abundance of Nitrospira MAGs. 160
Comammox Nitrospira constitute the majority of Nitrospira species in all the habitats, with the 161 exception of WWTP, where canonical species are significantly more abundant than comammox 162 Nitrospira (P < 0.01) (Fig. 3b ). 163 164 165 To examine the distribution pattern of Nitrospira species, we conducted a principal component 179 analysis (PCA) based on the presence and absence of Nitrospira species in the metagenomes. WWTP 180 metagenomes clearly cluster and separate from DWTP metagenomes (Fig. 4a) ; soil metagenomes 181 also cluster, while groundwater and freshwater metagenomes have more variable Nitrospira 182 compositions (Fig. 4a) . Within each habitat, we found, in most cases, a weak, but significant 183 correlation between geographical distance and Nitrospira community dissimilarity (Supplementary 184 Fig. 3 ). However, these correlations nearly disappear when samples within small distances were 185 excluded from the analysis, with the exception of WWTP and DWTP ( Supplementary Fig. 3 ). 186
The PCA reveals niche separation between Nitrospira (sub)lineages. Nitrospira species are more typical of the soil metagenomes (Fig. 4b) . Similar association between 194 habitat preference and species (sub)lineage was noted when examining species abundances across 195 metagenomes ( Supplementary Fig. 4 
210
Relation between ecological and phylogenetic similarities 211
We assessed which feature better explained habitat preference by comparing, for pairs of species, 212 similarity in their environmental distribution (as measured by correlation of their abundance across 213 samples) with overall genomic similarity (as measured by ANI between their genomes), as well 214 as, sequence similarity of key nitrification enzymes ammonia monooxygenase (AMO), 215 hydroxylamine dehydrogenase (HAO) and nitrite oxidoreductase (NXR). Genomic similarity 216 between species pairs positively correlates with similarity in habitat preference (Mantel statistic r 217 = 0.51, P < 0.001) ( Table 1) . Similar results were obtained when only comammox species were 218 evaluated (r = 0.56, P < 0.001) but the correlation was stronger when only the canonical Nitrospira 219 species were considered (r = 0.78, P < 0.001). Although pairs of comammox clade A species are, 220 on average, poorly similar in habitat preference, their genomic similarity strongly correlates with 221 ecological similarity (Mantel statistic r = 0.86, P < 0.001). Thus, the heterogeneous ecological 222 distribution of this clade can be explained by genomic dissimilarity. The opposite was observed 223 for clade B species. Clade B species have a more homogeneous habitat preference (average 224
Pearson r = 0.45 ± 0.27), but the remaining heterogeneity cannot be explained by their genomic 225 dissimilarity (Mantel statistic r = 0.21, P > 0.05). Because the resolution of ANI decreases for 226 values below 80-75% 28 (also observed in this study; Supplementary Fig. 6 ), a threshold crossed 227 for many comparison of Nitrospira species (Supplementary Fig. 1) , we redid the analysis using a 228 set of 120 universal single-copy proteins as metric of phylogenetic similarity ( Supplementary Fig.  229 6). Similar trends as for ANI were observed, although with slightly weaker correlation values 230 (Table 1 ). The correlation between NxrB similarity, considered a powerful functional and 231 phylogenetic marker 9 , and habitat similarity is weaker than for whole genome similarity 232 (especially for comammox Nitrospira species) (Table 1) , except when only canonical Nitrospira 233 species were analysed (r = 0.94, P < 0.01). The correlation between AmoA sequence similarity 234 and habitat similarity is also weaker than for whole genome similarity for comammox Nitrospira 235 species (r = 0.31, P < 0.001). HaoA similarity, however, displays a much stronger correlation with 236 habitat similarity for all comammox species (r = 0.70, P < 0.001), as well as within comammox 237
clades A (r = 0.76, P < 0.001) and B (r = 0.52, P < 0.05). 238 239 240 (Fig. 6 ) and supported by the phylogenetic analyses of the 252 concatenation of 120 single-copy marker proteins ( Fig. 1) and of comammox Nitrospira specific 253 proteins ( Supplementary Fig. 7 ). Further, we detected two nirK genes (encoding a copper-254 containing nitrite reductase) next to the HAO cluster in all clade A2 genomes. This gene synteny 255 is also found in several of the clade B genomes, but never in the clade A1 genomes (Supplementary 256 Fig. 8 ). This shared synteny of the HAO genetic region suggests a horizontal gene transfer event 257 This study represents the first effort to reveal the global distribution and ecological niches of 271 Nitrospira species including comammox Nitrospira. We exploit large amounts of shotgun 272 metagenomic sequencing data to quantify the abundance and relative distribution of Nitrospira 273 species in different habitats through read recruitment analysis against a Nitrospira database of 15 274 universal single-copy genes 25 . The uncovered diversity of Nitrospira species, and specifically the vast 275 diversity within lineage 2 Nitrospira, reflects the species-level diversity previously estimated from 276 16S rRNA sequences 9 , although it clearly underrepresents Nitrospira lineage IV, typical of marine 277 environments 9 . The lack of recovered Nitrospira MAGs from marine metagenomes is consistent with 278
Nitrospira being a minor NOB in this habitat 9 . Our analysis confirms the previously described 279 ubiquity of Nitrospira 9 and reveals the extent of the ecological success of comammox Nitrospira. We 280 detected comammox species within a wide range of climatic zones, from polar (soils in Svalbard and 281 Antarctica) to tropical (soils in Vietnam, and fresh and wastewater in Singapore) and temperate zones. 282 We found that comammox Nitrospira coexist with and are more abundant than canonical Nitrospira 283 in all studied habitats except in WWTP. This hitherto unrecognized dominance of comammox 284
Nitrospira implies that, until recently, by equating detection of Nitrospira 16S rRNA or nxrB with 285 strict NOB metabolism, the number of ammonia oxidizers in the environment has been systematically 286 and significantly underestimated. Of the studied habitats, comammox Nitrospira is especially diverse 287 and abundant in drinking water treatment systems, which are characterized by surface-attached 288 microbial communities and low ammonium fluxes were co-assembled into scaffolds using IDBA-UD 48 with the options --pre_correction --min_contig 360 1000. In addition, 24 single-sample assemblies were performed following the same procedure. 361
Metagenomic binning was applied to the co-assembly using Fig. 9 ). The quality of the bins produced 363 with the mentioned tools were improved using Binning refiner 55 and DAS Tool
56
. In addition, 364 metaWRAP 57 binning and refinement modules were applied to the co-assembly. dRep 58 was used to 365 dereplicate all the generated bins with the secondary clustering threshold set at 99% genome-wide 366
Average Nucleotide Identity (gANI). On the other hand, mmgenome 59 was applied to the single-367 sample assemblies to recover Nitrospira genomes following the strategy described elsewhere 6 . The 368 reassembly module of metaWRAP was used to improve the quality of the bins. All the resulting bins 369 were aggregated and then dereplicated using dRep with the secondary clustering threshold set at 99% 370 gANI. Scaffolds within the resulting dereplicated bins with divergent GC-content or tetranucleotide 371 frequencies were removed using the RefineM 60 with the option coverage correlation criteria (--372 cov_corr) set to 0.8. Furthermore, metaWRAP binning and refinement modules were applied to the 373 co-assembly of the 6 samples used in Palomo et al.
22
. The generated bins together with the reported 374 in Palomo et al. 6, 22 were dereplicated using dRep with the secondary clustering threshold set at 99% 375 gANI. RefineM was applied on the resulting dereplicated bins as describe above. These bins, together 376 with the bins recovered from the 12 waterworks of this study were dereplicated as described above. 377
The assembly quality resulting dereplicated bins were improved by alignment against related 378 complete or draft genomes using the Multi-Draft based Scaffolder (MeDuSa) 61 . 379
In addition, metagenomic binning from metagenomes downloaded from public databases 380 (Supplementary Table S1 Archives (SRA) (sequencing type "whole genome sequencing", "HiSeq", and environmental 392 package: "air", "aquifer", "biofilm", "biofilter", "estuary", "freshwater", "groundwater", "marine", 393
"metagenome", "permafrost", "rhizosphere", "rice paddy", "sand", "sediment", "soil", "urban", 394
"wastewater", "wetland") were queried with amoA and nxrB sequences from several Nitrospira 395 spp. to identify datasets most likely to contain sequences associated with Nitrospira spp. 396
Metagenomic datasets identified as possessing Nitrospira spp. associated sequences were included to 397 the metagenomic dataset. In addition, MG-RAST metagenomes not present in NCBI SAR, and with 398 more than 2000 reads taxonomically annotated as Nitrospira were included in the metagenomic 399 dataset. Trimming and quality control of the raw reads as well as de novo assemblies were carried out 400 as describe above. 401 402
Species abundance estimation 403 A 95% average nucleotide identity (ANI) cut-off was used to define species as proposed by 404 Klappenbach et al.
65
. The Nitrospira genomes were dereplicated using dRep with the secondary 405 clustering threshold set at 95% gANI. Among the genomes classified as belonging to the same 406 species, the one with higher quality was chosen as representative genome for that species. The species 407 abundance and coverage of each representative genome across the studied metagenomes was assessed 408 using MIDAS 25 . Briefly, MIDAS uses reads mapped to 15 universal single-copy gene families (with 409 ability to accurately recruit metagenomic reads to the correct species 25 ) to estimate the abundance 410 and coverage of bacterial species from a shotgun metagenome. We used the 68 Nitrospira species to 411 build the database of universal-single-copy genes. For species abundance and coverage estimation 412 the option -n was set to 20 million (1 million reads are considered sufficient to precisely estimate 413 species relative abundance for a gut community 25 ). 
